M etasurfaces 1−6 have emerged as one of the leading platforms for the development of miniaturized optical components. Although there has been considerable effort in the development of metalenses, 7−30 their efficient operation range has been mostly limited to the near IR. Achieving highly efficient metalenses in the visible spectrum poses a plethora of challenges mostly arising from the intrinsic optical loss of the constituent materials, which usually consist of either silicon 21,31−37 or plasmonic noble metals. 38−42 One can alternatively use dielectrics with a transparency window in the visible spectrum; however, achieving high aspect ratio subwavelength structures with vertical sidewalls is typically very challenging for these materials using current top-down fabrication processes, i.e., lithography followed by dry etching. This results in performance degradation. 43 It is worth noting that an earlier work on titanium dioxide (TiO 2 ) diffractive elements used a dry etching process to fabricate blazed gratings at visible wavelengths (633 nm). They also demonstrated a TiO 2 -based lens (NA = 0.25) in the near IR (λ = 860 nm) 44 but experienced similar difficulties with tapered wall profiles and surface roughness, which are commonly associated with this process. The latter contributes to scattering losses, and the former results in errors in the realized phase. Recently, we have developed a distinct fabrication approach based on the atomic layer deposition (ALD) of amorphous TiO 2 , 45 yielding high aspect ratio nanostructures. In particular, the use of ALD 45, 46 side-steps the aforementioned difficulties with dry etching and allows for high quality amorphous TiO 2 with negligible material and scattering loss. Based on this process, we have recently reported geometric phase-based metalenses in the visible spectrum, which require circularly polarized (CP) incident light. 47, 48 In this work, we demonstrate transmissive polarization-insensitive planar lenses (metalenses) operating at red (660 nm), green (532 nm), and blue (405 nm) wavelengths. Metalenses with numerical apertures (NA) of 0.6 and 0.85 are demonstrated with focusing efficiencies up to 90% and 60%, respectively.
Design of Metalenses. The building blocks of a metalens are TiO 2 nanopillars on a glass substrate ( Figure 1a ). The metalens focuses collimated incident light into a spot in transmission mode. To accomplish this, each nanopillar at position (x, y) must impart the required phase given by
where λ d is the design wavelength and f is the focal length. The required phase profile φ t (x, y) is realized by adjusting the nanopillar diameter. 26, 44, 49 To ensure high efficiency, other parameters such as nanopillar height H and unit cell size U (Figure 1b ,c) are optimized at the design wavelength λ d . In this design, the phase accumulation is realized by means of the waveguiding effect; the height of the nanopillars should be tall enough to provide 2π phase coverage through a range of diameters. While the smallest attainable diameter is limited primarily by fabrication constraints, the largest one is equal to the unit cell size U, which in turn must be small enough to meet the Nyquist sampling criterion ( < λ U NA 2 ). First, we designed a metalens at the wavelength λ d = 532 nm with nanopillars having height H = 600 nm and unit cell size U = 250 nm. Figure 1d and Figure S1 show the phase map φ(D) and transmission map T(D) as a function of diameter, respectively, across the visible spectrum. Full phase coverage (2π) with high transmission (>87%) is achieved.
To gain a better insight into the phase realization mechanism, we calculated the phase imparted solely by the waveguiding effect. This phase is given by
where n ef f is the effective index of the fundamental mode (HE 11 ) and H (nanopillar height) is the propagation length.
The n ef f can be readily computed using a single step-index circular waveguide model. 50 As shown in Figure 1e , the phase calculated by this model follows the one calculated via a finite difference time domain (FDTD) analysis of a nanopillar on a glass substrate. The agreement is better for larger diameters, where the confinement of the fundamental mode increases. While we neglect the confinement along the propagation direction (standing wave due to reflections at both facets of the nanopillars) the average absolute difference between phases calculated using the waveguiding effect and the full-wave analysis is less than π 6 . Note also that in the FDTD calculation periodic boundary conditions are used. They introduce a variation in the mode profile; this effect is larger for smaller diameters, which explains why the phase difference calculated by the two methods is more pronounced in this case. This indicates that the waveguiding effect is the dominant mechanism accounting for the phase realization. By varying the diameters of nanopillars as a function of their position (x i ,y i ) the effective index of the propagating mode is changed to achieve the desired phase profile (eq 1). To build the metalens, we discretized its required phase mask φ t (x i ,y i ) assuming square lattice unit cells of dimensions U × U. At each position (x i ,y i ) an appropriate diameter, which minimizes | T m e iφ t (xi,yi) − T(D)e iφ(D) | is chosen, 26 where T m is the transmission averaged over all the diameters. Figure 1f shows the complex transmission coefficients (T(D)e iφ(D) ) at the three 
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Nano Lett. XXXX, XXX, XXX−XXX design wavelengths for a range of diameters required to give 2π phase coverage. Each point in the complex plane represents the amplitude and phase of the transmission of a nanopillar with diameter D, for a given unit cell size and nanopillar height at the corresponding design wavelength. High transmission (with small modulation over the range of used diameters) and close to 2π phase coverage is evident for all three design wavelengths. Fabrication and Characterization. We first fabricated three separate metalenses with identical NA = 0.6 designed at wavelengths of 405, 532, and 660 nm. Scanning electron microscope images of a fabricated metalens are shown in Figure  2a −c. Details of fabrication can be found in our previous work. 45 We characterized these metalenses using a custom-built setup whose schematic is shown in Figure S2a 
Nano Lett. XXXX, XXX, XXX−XXX vertical cuts (not shown here) are 0.81, 0.84, and 0.81, which are close to those for horizontal cuts revealing the symmetry of the focal spots. In addition, measured focusing efficiencies as high as 30%, 70%, and 90% are obtained for metalenses designed at wavelengths of 405, 532, and 660 nm, respectively ( Figure S3a) . The efficiency is calculated as the ratio of the optical power of the measured focused beam to that of the incident beam. The incident beam was measured as the optical power passing through a circular aperture (aluminum on glass) with the same diameter (300 μm) as the metalenses.
We subsequently fabricated high NA = 0.85 metalenses at the same design wavelengths. Very symmetric focal spots ( Figure  3a Figure  S4 ). We also calculated the Strehl ratios from the measured 
Nano Lett. XXXX, XXX, XXX−XXX D horizontal (vertical) cuts and obtained values of 0.76 (0.78), 0.82 (0.84), and 0.85 (0.85) corresponding to metalenses designed at wavelengths of 405, 532, and 660 nm. The diffraction-limited focusing and high Strehl ratios confirm the quality of fabrication and capability of this TiO 2 -based platform to realize high performance planar lenses in the visible spectrum.
The measured efficiencies of the metalenses with NA = 0.85 are shown in Figure S3b . Efficiencies as high as 60% are achieved for both metalenses with design wavelengths of 532 and 660 nm. The efficiency drops to 33% for the metalens designed at 405 nm. This is due to the stricter fabrication tolerance of this design. In other words, nanopillars designed for shorter wavelengths have 2π phase coverage over a smaller range of diameters and smaller unit cells, which make fabrication errors more pronounced resulting in a reduced efficiency. For example, the mean value of the nanopillar diameters used to build the metalens designed at 405 nm is 120 nm, whereas it is 215 nm for the one designed at 660 nm. Figure 4a −c show the required phase profile to realize metalenses (NA = 0.85) at the three design wavelengths (λ d = 660, 532, and 405 nm). We also overlaid the discretized FDTD simulated phases that are theoretically available with suitable nanopillar diameters. Very good fits are obtained for all three designs. We further confirm this by performing FDTD analysis on metalenses with similar NA = 0.85 but smaller lens diameters (24 μm) than the fabricated ones due to limited computational resources. Figure 4d −f shows the intensity distribution of metalenses in the focal region (x−z plane). We define the efficiency as the ratio of the optical power in the focal spot area (circle of radius 2 × FWM spanning the center of the focal spot) to the incident optical power. Efficiencies as high as 79%, 83%, and 84% are achieved for metalenses designed at wavelengths of 405, 532, and 660 nm, respectively. These simulations set the maximum achievable limit of our design, which can be experimentally obtained by further optimizing the fabrication process, in particular, by overcoming the proximity effect of electron beam lithography. It is notable that tapered nanopillars, which are prevalent in current topdown approaches such as reactive ion etching (RIE), 43,44 make it more challenging to achieve diffraction-limited focusing and high efficiency ( Figure S5 ).
We also examined the polarization-insensitivity of the metalens designed at 532 nm by measuring its focal spot and efficiency for different linearly polarized inputs. As shown in Figure S6 , very small changes in the shape and size of the focal spots were observed. The standard deviation of the FWHMs of measured focal spots for the different polarizations was ∼8 nm. In addition, the change in focusing efficiency for different linearly polarized inputs was negligible.
Imaging. For imaging purposes, we fabricated a new metalens with a diameter of 2 mm designed at λ d = 532 nm. We used the 1951 United States Air Force (USAF) resolution test chart (Thorlabs Inc.) to discern the resolving power of the metalens. Images of the smallest three-bar groups on the chart (bar width of 2.2 μm and center-to-center distance of 4.4 μm) are formed by the metalens at different illumination wavelengths and are shown in Figure 5a −d. From this experiment, it is evident that the metalens can resolve micron-sized features across the visible spectrum. The differences in the image size at various wavelengths comes from the fact that the focal length of the metalens is a function of wavelength resulting in a wavelength-dependent magnification. For example, the magni-fication changes from 260× to 337× by varying the wavelength of incidence from 490 to 650 nm.
In summary, we have demonstrated metalenses with high efficiency and high NA operating in the visible spectrum. In addition to their capability to focus light into diffraction-limited spots, these metalenses have high resolving power when used for imaging. The ultrathin and compact features of these planar metalenses together with their straightforward fabrication process can play an essential role to achieve miniaturized and lightweight optical systems. We envision this technology will enable a host of cost-effective solutions for versatile applications ranging from imaging, spectroscopy, and laser fabrication to wearable optics. 
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